Macrophomate synthase from the fungus Macrophoma commelinae IFO 9570 is a Mg(II)-dependent dimeric enzyme that catalyzes an extraordinary, complex five-step chemical transformation from 2-pyrone and oxalacetate to benzoate involving decarboxylation, C-C bond formation, and dehydration. The catalytic mechanism of the whole pathway was investigated in three separate chemical steps. In the first decarboxylation step, the enzyme loses oxalacetate decarboxylation activity upon incubation with EDTA. Activity is fully restored by addition of Mg(II) and is not restored with other divalent metal cations. The dissociation constant of 0.93 ؋ 10 ؊7 for Mg(II) and atomic absorption analysis established a 1:1 stoichiometric complex. Inhibition of pyruvate formation with 2-pyrone revealed that the actual product in the first step is a pyruvate enolate, which undergoes C-C bond formation in the presence of 2-pyrone. Incubation of substrate analogs provided aberrant adducts that were produced via C-C bond formation and rearrangement. This strongly indicates that the second step is two C-C bond formations, affording a bicyclic intermediate. Based on the stereospecificity, involvement of a Diels-Alder reaction at the second step is proposed. Incubation of the stereospecifically deuterium-labeled malate with 2-pyrones in the presence of malate dehydrogenase provided information for the stereochemical course of the reaction catalyzed by macrophomate synthase, indicating that the first decarboxylation provides pyruvate (Z)-[3-2 H]enolate and that dehydration at the final step occurs with anti-elimination accompanied by concomitant decarboxylation. Examination of kinetic parameters in the individual steps suggests that the third step is the rate-determining step of the overall transformation.
Macrophomate synthase from the fungus Macrophoma commelinae IFO 9570 is a Mg(II)-dependent dimeric enzyme that catalyzes an extraordinary, complex five-step chemical transformation from 2-pyrone and oxalacetate to benzoate involving decarboxylation, C-C bond formation, and dehydration. The catalytic mechanism of the whole pathway was investigated in three separate chemical steps. In the first decarboxylation step, the enzyme loses oxalacetate decarboxylation activity upon incubation with EDTA. Activity is fully restored by addition of Mg(II) and is not restored with other divalent metal cations. The dissociation constant of 0.93 ؋ 10 ؊7 for Mg(II) and atomic absorption analysis established a 1:1 stoichiometric complex. Inhibition of pyruvate formation with 2-pyrone revealed that the actual product in the first step is a pyruvate enolate, which undergoes C-C bond formation in the presence of 2-pyrone. Incubation of substrate analogs provided aberrant adducts that were produced via C-C bond formation and rearrangement. This strongly indicates that the second step is two C-C bond formations, affording a bicyclic intermediate. Based on the stereospecificity, involvement of a Diels-Alder reaction at the second step is proposed. Incubation of the stereospecifically deuterium-labeled malate with 2-pyrones in the presence of malate dehydrogenase provided information for the stereochemical course of the reaction catalyzed by macrophomate synthase, indicating that the first decarboxylation provides pyruvate (Z)- [3- 2 H]enolate and that dehydration at the final step occurs with anti-elimination accompanied by concomitant decarboxylation. Examination of kinetic parameters in the individual steps suggests that the third step is the rate-determining step of the overall transformation. Sakurai et al. reported that a fungus, Macrophoma commelinae IFO 9570, catalyzes a highly unusual conversion (1, 2) from an unidentified C 3 unit precursor and 2-pyrone 1 (Scheme 1) to benzoate (macrophomic acid 2) (3). This type of aromatic compound is commonly biosynthesized via either a shikimate or polyketide pathway. Based on the biosynthetic studies (1) , it was shown that this conversion requires at least decarboxylation and two C-C bond formations. Although M. commelinae produced 2 in a small amount and a number of 2-pyrones (3), precursor 1 was not detected in the culture. The structurally related phytotoxins pyrenocine A (3) (4, 5) and pyrenochaetic acid A (4) (6) have been found in the culture of the pathogenic fungus Pyrenochaeta terrestris by our laboratory, indicating involvement of a similar biosynthetic pathway.
The uniqueness of this transformation led us to investigate details of the biosynthetic pathway. The enzymatic activity was induced in the presence of 2-pyrone 1 and detected in the cell extract (7) . Subsequently, the unidentified precursor required in the enzymatic transformation was determined as oxalacetate (8, 9) . This finding allowed us to purify the enzyme named macrophomate synthase (8, 9) . Macrophomate synthase is a homodimer of a 36-kDa protein and shows a unique substrate selectivity to convert various 2-pyrones to benzoates (10) . The single enzyme catalyzes an extraordinary five-step transformation involving two decarboxylations, two C-C bond formations, and dehydration. To our knowledge, there is no precedent of an enzyme catalyzing different types of multistep chemical reactions, except dehydroquinate synthase (11) and the mechanistically related deoxy-scyllo-inosose synthase (12, 13) . The cDNA encoding macrophomate synthase from M. commelinae has recently been cloned and overexpressed in Escherichia coli (9) . Sequence alignments show that it has no homology to known enzymes reported to date.
The observation that pyruvate is also active as a substrate instead of oxalacetate and that a bicyclic intermediate mimic (8) inhibits the conversion catalyzed by macrophomate synthase led us to divide this complicated transformation into three independent chemical reactions: 1) decarboxylation of oxalacetate, 2) two C-C bond formations to afford the bicyclic intermediate 5, and 3) decomposition of 5 via dehydrationdecarboxylation. Isolation of a bicyclic intermediate analog (14) during incubation of the simple 2-pyrone methyl coumalate provided strong support for this mechanism; however, the detailed mechanism is still unknown.
Since none of the putative enzyme-bound intermediates has been isolated, it is suggested that each step appears to be essentially irreversible. This makes it extremely difficult to study the mechanism of macrophomate synthase with the natural substrate. To address the individual steps, studies on decarboxylation in the absence of 2-pyrone and incubation of substrate analogs have been carried out. In this study, we report the cofactor requirements, kinetic studies for individual reactions, experimental evidence for the involvement of the plausible bicyclic intermediate, and mechanistic details of the extraordinary enzyme-catalyzed reaction.
EXPERIMENTAL PROCEDURES

Materials
Macrophomate synthase was purified from the E. coli overproducing strain BL21 harboring the gene, which encodes macrophomate synthase from M. commelinae as described earlier (9) . NADH, NAD ϩ , malate dehydrogenase, lactate dehydrogenase, and fumarate hydratase were obtained from Sigma. The lactate dehydrogenase was purified on a Superdex 200 HR10/30 column since the enzyme was contaminated with 2% malate dehydrogenase. The purified lactate dehydrogenase had a specific activity of 357.0 units of protein. Methyl coumalate 6 (see Scheme 2) and methyl 6-methylcoumalate 12 were prepared as described (15) . Other chemicals were of the highest quality commercially available.
Protein Assay
Protein concentrations of enzyme preparations were determined either by measuring absorbance at 280 nm or using a protein assay kit (Bio-Rad) with bovine immunoglobulin G as a standard.
Enzyme Assay
The oxalacetate decarboxylase activities of macrophomate synthase were examined by following the decrease in absorbance at 340 nm due to the oxidation of NADH (⑀ 340 ϭ 6.22 mM Ϫ1 cm
Ϫ1
) to NAD in the presence of lactate dehydrogenase, which catalyzes the reduction of pyruvate formed by macrophomate synthase. Both sample and reference cuvettes contained 50 mM PIPES 1 (pH 7.0), 0.1 mM MgCl 2 , and 0.2 mM NADH in a total volume of 1.97 ml. The mixture was preincubated at 30°C for 2 min and then for a further 1 min after addition of lactate dehydrogenase (10 l, 3.6 g). The reaction was started by addition of macrophomate synthase (20 l, 94 g) to the sample cuvettes, whereas 50 mM PIPES (20 l) was added to the reference cuvette. The oxidation of NADH was followed at 340 nm for 30 s at 30°C.
Metal Ion Studies
Atomic Absorption Analysis-Macrophomate synthase (1 ml, 6.1 mg) in PIPES (pH 7.2) was filtered through a HiTrap desalting column (5 ml ϫ 2; Amersham Pharmacia Biotech) and eluted with MilliQ water to collect the enzyme (1.5 ml, 6.1 mg). To this solution was added Chelex resin (0.5 ml, AG-50W-X8 resin; Bio-Rad). Magnesium content was determined with a Hitachi Z-5010 polarized Zeeman atomic absorption spectrophotometer. Measurements were carried out in triplicate, with experimental error Ͻ5%.
Preparation of the Apoenzyme-Divalent metal ions were removed from 50 mM PIPES (pH 7.0, 1 ml) containing macrophomate synthase (6.1 mg) by adding 5 mM EDTA (10 l) and incubated for 1 h at 4°C, followed by filtration through a HiTrap desalting column (5 ml ϫ 2) to yield an apoenzyme solution (1.5 ml, 4.1 mg). Assay of this solution gave Ͻ1.2% the rate of an assay performed in the presence of 0.1 mM magnesium(II) chloride. 
Reconstitution of Holoenzyme with Various Divalent Metal Ions-The
Isolation of Aberrant Adduct 8
2-Pyrone 6 (0.1 M) in ethanol (0.5 ml, 50 mol) was added to 50 mM PIPES (pH 7.0, 10 ml) containing macrophomate synthase (380 g) and 5 mM MgCl 2 . After preincubation at 30°C for 5 min, a 0.1 M aqueous solution of oxalacetate (0.5 ml, 50 mol) was added, and the reaction mixture was vortexed and then incubated at 30°C for 4 h. 
Methylation of 8
Trimethylsilyldiazomethane in hexane (10% (v/v), 0.314 mmol, 0.5 ml) was added to a solution of 8 (1.7 mg, 7.025 mol) in benzene/MeOH (3.5:1, 4.5 ml). The mixture was stirred at ambient temperature for 30 min and then concentrated in vacuo. Purification by preparative thinlayer silica gel chromatography (CHCl 3 /MeOH, 95:5) gave dimethyl ester 9 (1.0 mg, 56%) as a pale yellow oil. 
Methanolysis of 9
p-Toluenesulfonic acid monohydrate (1.5 mg, 7.886 mol) was added to a solution of 9 (2 mg, 7.813 mol) in MeOH (0.3 ml). The mixture was stirred under reflux for 2 h and then poured into saturated NaHCO 3 solution. The mixture was extracted with ether, and the extract was washed with brine, dried over anhydrous Na 2 
Preparation of (aS)-and (aR)-O-Methylbinaphthylcarboxylic Acid
Esters 11a and 11b 
Isolation of Aberrant Adduct 14
2-Pyrone 12 (0.1 m) in ethanol (0.5 ml, 50 mol) was added to 50 mm PIPES (pH 7.0, 10 ml) containing macrophomate synthase (380 g) and 5 mm MgCl 2 . After preincubation at 30°C for 5 min, a 0.1 m aqueous solution of oxalacetate (0.5 ml, 50 mol) was added, and the reaction mixture was vortexed and then incubated at 30°C for 4 h. HCl (2 M, 100 l) was added to the reaction mixture, and the mixture was extracted with ethyl acetate, dried over Na 2 SO 4 , and concentrated in vacuo. Trimethylsilyldiazomethane in hexane (10% (v/v), 0.65 mmol, 0.5 ml) was added to a solution of the residue in benzene/MeOH (3.5:1, 4.5 ml). The mixture was stirred at ambient temperature for 30 min and then concentrated in vacuo. Purification by preparative thin-layer silica gel chromatography (CHCl 3 /MeOH, 95:5) gave dimethyl ester 14 (9.3 mg, 69%) as a pale yellow oil and recovered starting material (1.3 mg, 24% Enzymatic Reactions with Deuterium-labeled Malates-A 0.5 M potassium phosphate buffer (pH 7.0, 2 ml) containing the 2 H-labeled malate prepared above, 50 mM NAD ϩ , 5 mM 2-pyrone 12, 0.076 mg of malate dehydrogenase, and 6.4 mg of macrophomate synthase was incubated at 30°C for 14 h. The same operation described above provided 2 H-labeled dimethyl ester 14. Similarly, incubation of 2-pyrone 1 with the 2 H-labeled malate prepared above for 9 h, methylation with trimethylsilyldiazomethane, and purification by preparative thin-layer silica gel chromatography (CHCl 3 /MeOH, 9:1) afforded 2 H-labeled 2a.
Kinetic Analysis of Formation of Adducts 8 and 13
Incubation of 2-pyrone 6 or 12 with macrophomate synthase (3.5 g) was carried out under essentially the same conditions reported previously (9) in the presence of 20 mM oxalacetate. The concentrations of 2-pyrone 6 or 12 were 2.2, 2.8, 4.0, 6.7, and 20 mM. After incubation for 5 min, the same volume of 2-propanol and a 2-fold volume of water were added to the reaction mixture. The reaction mixture was filtered by EB-DISK (0.45 m; Cica), and an aliquot of the filtrate was directly injected into the HPLC system. The HPLC analytical conditions were as we described previously (10) . Formation of aberrant products was monitored by consumption of 6 or 12. The retention times of 2-pyrones 6 and 12 are 14.5 and 21.6 min, respectively.
RESULTS
Kinetic Parameters for Oxalacetate Decarboxylation-The first step of the transformation catalyzed by macrophomate synthase was proposed to be decarboxylation (9) . Thus, in the absence of 2-pyrone 1, the decarboxylation activity with oxalacetate was examined by lactate dehydrogenase-coupled assay. Rapid formation of pyruvate was observed in the enzymatic reaction monitored by the decrease in absorbance at 340 nm due to the oxidation of NADH. Based on the kinetic constants determined from initial velocity studies (Table I) , macrophomate synthase displayed a 13-fold lower K m for oxalacetate (0.09 mM) during decarboxylation than that during formation of 2 (1.2 mM). The k cat (16.3 s
Ϫ1
) during decarboxylation was also 27 times larger than that during formation of 2 (0.60 s
). These values indicate that macrophomate synthase catalyzes pyruvate formation more efficiently than formation of 2. 
b Since V max and k cat for two substrates are not identical, these data were re-examined under the same conditions as described (9), except using a higher concentration for one of the substrates (V max for 1 with 20 mM oxalacetate; V max for oxalacetate with 15 mM 1).
Divalent Metal Ion Requirement-Our previous results revealed that macrophomate synthase requires Mg(II) for its catalysis and that it is inhibited by divalent metal cations such as Hg(II), Zn(II), and Cu(II). In this study, the metal requirement of decarboxylation with macrophomate synthase was investigated by preparation of apoenzyme and reconstitution experiments with metal cations. Gel filtration of the purified enzyme with a metal-free buffer provided a fully active Mg(II) enzyme complex of 1:1 stoichiometry as determined by atomic absorption analysis. Treatment of the purified enzyme with 5 mM EDTA resulted in a rapid loss of catalytic activity to form the apoenzyme. Various metal cations were added to this apoenzyme, and the enzymatic activity was examined. Only Mg(II) restored full catalytic activity, whereas the others were essentially ineffective (data not shown).
The behavior upon gel filtration and the EDTA requirement at relatively higher concentrations for removing Mg(II) suggested that Mg(II) is tightly associated with the enzyme. Hence, we determined the dissociation constant for Mg(II). At different concentrations of Mg(II) (0.001-2 M), the enzymatic activities for decarboxylation were measured and plotted as a function of Mg(II) concentration (Fig. 1) . A dissociation constant for Mg(II) was calculated from the data to be 0.93 ϫ 10 Ϫ7 at pH 7.2. The apoenzyme restored its maximum activity at 1.5 M MgCl 2 . Considering that the concentration of the enzyme in this experiment was 1.2 M (47 mg/ml), the stoichiometry of magnesium binding was calculated as one/apoenzyme. These data support the result obtained from the atomic absorption analysis.
Inhibition of Pyruvate Formation in the Presence of 2-Pyrone-Inhibition studies were carried out to elucidate the effect of 2-pyrone against pyruvate formation. 2-Pyrone 1 was a competitive inhibitor with respect to oxalacetate since double-reciprocal plots of 1/v versus 1/S at saturating conditions of oxalacetate intersected on the 1/v axis (Fig. 2) . Since formation of pyruvate was suppressed by the binding of 2-pyrone, this suggests that the product of oxalacetate is not quenched with water and undergoes further reaction with 2-pyrone.
Structures of Reaction Products 8 and 13 with 2-Pyrones 6
and 12-During the study of the substrate selectivity of macrophomate synthase (10), we found that a simple 2-pyrone, methyl coumalate (6), was consumed very rapidly. However, the expected benzoate 7 was not detected during HPLC analysis (Scheme 2). These observations suggest that an intermediate or its derivative is released from the active site of the enzyme. Preparative scale incubations gave product 8, which was significantly decomposed during the isolation and purification steps. For this reason, the product was transformed into dimethyl ester 9 with diazomethane treatment (Scheme 2). This material was sufficiently stable for data collection. Among 14 substrates tested (10), 6 revealed the highest conversion rate. Based on the molecular formula C 10 H 10 O 7 obtained from HRMS, it was suggested that 8 is formed from 6 and oxalacetate, with concomitant loss of carbon dioxide. The NMR data including 1 H and 13 C NMR, COSY, and heteronuclear single quantum coherence spectra allowed us to deduce the partial structure of 9, and then the gross structure was determined by heteronuclear multiple bond correlation (HMBC) analysis as shown in Fig. 3a . The relative stereochemistry of 9 was determined by the relative intensities of the cross-peaks that originated from 3 J C,H correlation in the HMBC spectrum optimized for 3 J C,H ϭ 7 Hz (Fig. 3b) (16) . To confirm the relative stereochemistry, 9 was converted to trimethyl ester 10 by methanolysis of the lactone moiety (Scheme 2). The large coupling constant (9.4 Hz) between H-2 and H-3 observed in the 1 H NMR spectrum of 10 showed that these protons are in an antiperiplanar relationship. These data unambiguously confirmed the relative stereochemistry of 8, 9, and 10 (14).
Our next task was determination of the absolute configuration of 10. For this purpose, we applied the method developed by Fukushi et al. (17) since the steric hindrance of the secondary alcohol at C-3 was expected. Trimethyl ester 10 was converted to the corresponding (aR)-and (aS)-2Ј-methoxy-1Ј,1Ј-binaphthyl-2-carboxylic acid (MBNC) esters 11a and 11b, respectively. Assignment of the signals in the 1 H NMR spectrum of 11a was done by analysis of nuclear Overhauser effect data (3.67 ppm (irradiation) 3 3.45 and 7.28 ppm (nuclear Overhauser effect); 3.45 ppm 3 5.98 ppm; 3.35 ppm 3 1.97 ppm). Similarly, assignment of the signals in the spectrum of 11b was achieved. The calculated ⌬␦ values (⌬␦ ϭ ␦(aS) Ϫ ␦(aR)) in Fig. 3c established the absolute configuration of 10 as shown in Scheme 2 (14) . In the enzymatic reaction with homolog 12 of methyl coumalate 6, a structurally related product (13) was also obtained. After conversion to its dimethyl ester (14) , the structure was easily deduced by comparison of NMR spectra. The 1 H NMR spectrum of 14 is nearly identical to that of 9. Disappearance of the H-5 signal and the presence of a new allylic methyl signal at 2.09 ppm clearly revealed the structure of 14 to be as shown in Scheme 2. In this incubation, the total amount of the product and the starting material recovered was nearly quantitative. This observation suggests that the poor yield in the reaction with 6 is due to instability of product 8.
Stereochemical Course of the Reaction Catalyzed by Macrophomate Synthase-Rapid exchange of methylene protons to deuterons was observed during 1 H NMR measurement of oxalacetate in 2 H 2 O. This suggests that rapid trapping of stereospecifically labeled oxalacetate with a large amount of macrophomate synthase is necessary to investigate the stereochemical course of the transformation. Thus, we designed a malate dehydrogenase-coupled enzymatic reaction that supplies a very small amount of oxalacetate from malate due to equilibrium favoring formation of malate. In this system, oxalacetate from malate may quickly react with 2-pyrone, minimizing exchange of deuterons to protons in oxalacetate. To investigate the stereochemical course in each step, C-6 methylene protons at 3.01 and 2.49 ppm in the 1 H NMR spectrum of aberrant adduct 14 were assigned as pro-R and pro-S, respectively, based on HMBC analysis (Fig. 3d) .
In the 1 H NMR spectrum of adduct 14 obtained in the experiment with 2-pyrone 12 and (2S)-[3-2 H 2 ]malate, integration of both pro-R and pro-S signals was nearly the same, and signal intensities of the broad singlets that originated from a singly deuterated methylene group were also the same (Fig. 4b) . This was further confirmed by the 2 H NMR spectrum (Fig. 4g) . In this case, retention of the deuterium at the pro-R position was calculated as 48 Ϯ 3%. Based on the signal intensities of a doublet and a broad singlet at the pro-R position, the ratio 1 NMR spectrum of 14 from the experiment with (2S,3R)-[3-2 H]malate, comparison of integration between unlabeled signal (5.58 ppm) and labeled signals revealed that the adduct retained 31% deuterium in the pro-R position and 13% in the pro-S position, indicating that a significant amount (66%) of the label was lost and that 26% of the label was derived from racemized oxalacetate via enolization (Fig. 4c) . The difference in the integration between pro-S and pro-R protons, however, shows that 18% of the label at pro-R originated from the specifically labeled material and that the signal intensity of the broad singlet at pro-S that corresponds to the deuterium-labeled adduct was larger than that at pro-R. In the 2 H NMR spectrum, the integration ratio between pro-S and pro-R signals was 4:1 (Fig. 4h) , supporting the results shown above.
Next, the stereochemical course of macrophomate formation was investigated. The 1 H NMR spectrum of 2a obtained from the experiment with 2-pyrone 1 and (2S)-[3-2 H 2 ]oxalacetate showed 80% retention of the label based on the relative integration of the H-6 signal at 7.50 ppm and the H-2 signal at 7.40 ppm (Fig. 4e) . In the incubation of 1 and (2S,3R)- [3- 2 H]malate, NMR analysis showed 43% retention of the label (Fig. 4f) . Higher values of deuterium retention in the reactions with 2-pyrone 1 are most likely due to shorter reaction time and indicate that the label comes from specifically labeled oxalacetate. Hence, we conclude that the transformation catalyzed by macrophomate synthase proceeds stereospecifically and that the pro-R proton of oxalacetate is converted into the H-6 pro-R proton in adduct 13 and into H-6 in macrophomate 2.
Kinetic Studies on the Formation of the Aberrant Adducts-
Formation of aberrant adducts 8 and 13 indicates that the transformation giving benzoate derivatives is stopped at the second chemical step. To obtain kinetic parameters in the second step, initial velocity studies on simple pyrones were carried out. The reactions were monitored by the decrease in the substrates 2-pyrones 6 and 12 since the products are unstable, and UV absorption of the products is less sensitive than that of the substrates. The data are summarized in Table I . The difference in K m values between 2-pyrones 1, 6, and 12 reveals that the natural substrate showed the highest affinity and that lack of substituents reduced the affinity. On the other hand, the reaction rates of these substrates showed an opposite tendency. The k cat for 6 is only 2.6-fold larger than that for 12, but is 60-fold larger than that for 1. This significant difference could be ascribed to a decrease in the reaction rate of C-C bond formation, rearrangement-relactonization, or the slow reaction rate for degradation in the third step. It is noteworthy that the k cat in decarboxylation is nearly the same as that in the C-C bond formation of 6.
DISCUSSION
Macrophomate synthase catalyzes a complex five-step chemical transformation involving decarboxylation, C-C bond formation, and dehydration. It is hard to imagine that a single active site in a relatively small protein like macrophomate synthase is able to specifically recognize and stabilize the multiple transition states and to process them to give products. In the literature, dehydroquinate synthase (11) is a precedent for catalyzing multistep chemical events. Although this enzyme catalyzes five chemical steps, it has been proposed that three of them are nonenzymatic reactions. This reasonably implies that the reactions catalyzed by macrophomate synthase also involve nonenzymatic reactions and/or concerted steps. Following this hypothesis, we divided the whole reaction into three steps as shown in Scheme 1. Details of each chemical step will be discussed below.
Examination of the first decarboxylation started with the metal requirement in this step because macrophomate synthase requires Mg(II) (8, 9) . Treatment of the purified enzyme with EDTA resulted in the rapid formation of inactive apoenzyme. Among a variety of different divalent metal cations tested, only Mg(II) restored the enzymatic activity to reconstitute the holoenzyme. The dissociation constant for Mg(II) showed that macrophomate synthase contains a precisely stoichiometric amount of tightly bound Mg(II). The tight binding of Mg(II) and the high specificity for Mg(II) are relatively unusual in metal-dependent ␤-ketoacid decarboxylases such as malic enzyme (18) and oxalacetate decarboxylase from Pseudomonas putida (19) and Acetobacter xylinum (20) , in which both Mg(II) and Mn(II) are equally effective in their catalysis. The K d is at least 20 times lower than those for the enolase superfamily (21), mandelate racemase (8 M) (22) and enolase (1.8 M) (23), which possess relatively higher affinity for divalent metals. These enzymes do not show any predominant specificity for divalent metal ions. No homology in sequence and metal requirement indicates that macrophomate synthase is different from these enzymes.
The details of decarboxylation mediated by macrophomate synthase are summarized in Scheme 3a. The actual product in the first step is a reactive enolate, which undergoes protonation possibly with water in the absence of 2-pyrone to form pyruvate. The weak activity of pyruvate is reasonably explained by the enol formation from pyruvate since the enolate would be provided from pyruvate by inefficient deprotonation of the 3-proton. The large difference (21-fold) in the K m values between pyruvate and oxalacetate is ascribed to the presence of an extra ligand for recognition of terminal carboxylate in oxalacetate. Competitive inhibition of 2-pyrone in the decarboxylation suggests not only that 2-pyrone loaded on the entrance of the active site inhibits access of water, but also that the -orbitals of 2-pyrone may efficiently interact with those of the enolate, resulting in formation of two C-C bonds. During our previous study on the substrate selectivity (10), we found that 14 compounds possessing a 2-pyrone moiety and a C-5 acyl group are transformed into the corresponding benzoates or aberrant adducts, suggesting the presence of residues in the active site that recognize the oxygen functionality in pyrones as shown in Scheme 3b.
For the second chemical step, the enzymatic reactions with 6 and 12 provided the following important information for the reaction mechanism. These reactions produced aberrant adducts 8 and 13 instead of normal benzoate analogs. The structures of these products reveal that the carbon skeletons C-1-C-5 and C-6 -C-8 are derived from 2-pyrones and oxalacetate, respectively, indicating that C-C bond formation occurs between C-5 and C-6 and between C-2 and C-7 (Scheme 4). The absence of an oxygen functionality at C-5 and the location of the double bond suggest that transposition of the oxygen functionality takes place from a bicyclic intermediate such as 15 via allylic rearrangement and subsequent relactonization as shown in Scheme 4. Rearrangement from intermediate 15 to aberrant adduct 8 reduces steric energy. This may be one of the major driving forces in this rearrangement. Based on our previous results on substrate selectivity (10), only 2-pyrones lacking a C-4 substituent produce aberrant adducts. Several reasons why adducts are formed instead of the production of benzoates are as follows: 1) the C-4 substituent interrupts attack of the C-8 carboxylate to the carbocation; and 2) lack of a C-4 substituent may cause improper interaction between the catalytic residue and elimination groups. Sufficient data are not available to distinguish between these reasons.
Based on the data shown above, we can now propose the structure of the bicyclic intermediate 5 including the absolute configuration as shown in Scheme 3c. Although we have indirect evidence for involvement of a bicyclic intermediate based on inhibition with synthetic bicyclic compounds, this is the first direct support for the intermediacy of 5. The result with the stereospecifically labeled malate shows that the label is located at the pro-R position of adduct 14, indicating that the pro-R position of the C-6 methylene group in 5 is labeled. The location of the label shows that the first decarboxylation affords (Z)-enolate as shown in Scheme 3a. The stereochemical course of the decarboxylation is consistent with that of phosphoenolpyruvate carboxylase (24).
Two routes are possible to form C-C bonds: 1) a concerted route via the Diels-Alder reaction and 2) a stepwise route via the Michael-aldol reaction (Scheme 3b). The Michael-aldol reaction initiates with attack of the enolate to form the first bond and then stabilizes tentatively a negative charge at the pyrone SCHEME 3. Details of individual reaction steps with macrophomate synthase. a, decarboxylation; b, C-C bond formation; c, dehydration-decarboxylation. moiety; finally, the enolate attacks the newly formed carbonyl group, giving the intermediate. In the Diels-Alder reaction, no catalytic residue is required, and only efficient interaction of -orbitals between the 2-pyrone and the enolate is necessary. The high stereospecificity that is a typical property of the Diels-Alder reaction and the absence of the product that possesses only one C-C bond between the enolate and various 2-pyrones (10) provide circumstantial evidence for the DielsAlder route mechanism. Literature that sets a precedent for the Diels-Alder reaction with 2-pyrone and an equivalent of pyruvate enolate (25) indicates that this route is not impractical. If the Diels-Alder route is operated, this could be the first purified enzyme catalyzing a Diels-Alder reaction (26, 27) . Although the simpler mechanism such as the Diels-Alder route explains well the multiple catalysis of macrophomate synthase, more data are necessary for establishing the mechanism of the second step.
The final chemical step is elimination of water and carbon dioxide. The rigid conformation of the bicyclic intermediate 5 entropically facilitates dehydration-decarboxylation. Since the stereochemical course in both the first and second chemical steps shows that the pro-R proton in the stereospecifically labeled malate is converted to the pro-R proton in 5, retention of the label in the experiment with 2-pyrone 1 and the steregiospecifically labeled malate indicates that the dehydration formally proceeds with anti-elimination. The data shown above agree with our previous result from an incorporation experiment with sn-(3R)- [3- 2 H]glycerol (7), which provides (3R)-[3-2 H]oxalacetate via (Z)- [3- 2 H]-phosphoenolpyruvate (24). In the dehydration, activation of the hydroxyl group may be efficiently conducted by coordination of the located closely Mg(II), and abstraction of the pro-S proton at C-6 could be effected by the carboxylate of 5 in an intramolecular manner or by a catalytic residue of the enzyme. As the second step, we have to consider two possibilities for the elimination: 1) a stepwise mechanism in which dehydration occurs first by elimination and then decarboxylation via the retro-Diels-Alder reaction and 2) concerted elimination starting from deprotonation at C-6 (Scheme 3c). In the former mechanism, elimination of water would give highly strained adduct 16, in which CO 2 elimination proceeds spontaneously. On the other hand, in the latter case, the proton abstraction triggers cleavage of the C-O bond of the lactone ring, followed by decarboxylation and cleavage of the hydroxy group. A new catalytic residue of the enzyme is not essential in both pathways proposed when self-catalysis of the intermediate is involved.
Comparison of the kinetic parameters for the reactions of decarboxylation, aberrant adduct formation, and macrophomate formation summarized in Table I would provide further insight into the overall transformation. The fact that the k cat values for oxalacetate in decarboxylation and for 6 in formation of 8 are nearly identical indicates that the C-C bond formation proceeds as smoothly as the decarboxylation. Although we have to consider the reactivities of 2-pyrones 1, 6, and 12 and the reaction rate of rearrangement-relactonization, the large difference in the k cat values between 1 and 6 could be ascribed to inefficiency in the final degradative conversion. This indicates that the final conversion is the rate-determining step for the overall transformation.
The second and third chemical steps resemble an antibodycatalyzed Diels-Alder reaction (28, 29) . The antibody is designed for stabilizing the higher energy bicyclic intermediate, which spontaneously eliminates sulfur dioxide, and the subsequent air oxidation to give an aromatic product. In this system, the intermediate tightly associated with the antibody is smoothly converted to product by a non-catalytic process, avoiding product inhibition. The idea shown above implies that the bicyclic intermediate 5 in the macrophomate synthase reaction may be substantially stabilized by the groups used for recognition of the enolate and 2-pyrone 1. This could be the reason for efficiency in C-C bond formation and inefficiency in degradation of 5. The answer as to whether the degradation in the final step is a nonenzymatic or an enzymatic process could be provided by synthesis of intermediate 5, as in the case of dehydroquinate synthase (30) .
In conclusion, the reaction sequence of the five-step transformation in the macrophomate synthase-catalyzed reaction was determined on the basis of studies on decarboxylation and aberrant product formation. The studies with the stereospecifically labeled malate elucidated the stereochemical course of the enzymatic reaction. Kinetic analysis of each step and the total reaction allowed us to speculate that the final elimination is the rate-determining step. Our data also provide sufficient information on the residues involved in substrate recognition and catalysis. However, detailed arrangement of the active site must wait until the crystal structure of macrophomate synthase is obtained.
